We have investigated electronic energy band structures and partial density of states of intermetallic compounds viz. CrSi, MnSi, FeSi and CoSi, by using density functional theory (DFT). These different signs of (α) and Hall coefficient indicating the dominant charge carriers to be p-type and n-type. These interesting properties of FeSi are not well understood. So, it will be quite interesting to study this aspect.
for FeSi done by Anisimov et al. [20] has shown that the study of anomalous properties of FeSi depends on the choice of U, such as U was choosen ≥ 3.0 eV for first order transition from singlet semiconductor to ferromagnetic metal. Similarly, Collyer et al. have varied U value over range 0≤U ≤9.5 eV, and has found that for U ≤6.8 eV, the magnetic moment is going with the experimental results [21] . However, DFT+U works on CoSi and CrSi are not known as per our knowledge. Thus, it will be appreciable if one can calculate a material specific values of U and J of these intermetallic systems for studying their physical properties in an extensive manner. Also, in solids screening effect is much larger as when compared to atomic case, due to which screening plays an important role in deciding the values of U eff and J [22, 23] for compounds. So, it will be fascinating to see the role of screening while studying the behavior of U and J for these intermetallic compounds as well.
In this work, we report a detailed investigation of electronic structure for 3d -metal monosilicides viz. CrSi, MnSi, FeSi and CoSi, by use of DFT under local density approximation (LDA) [24] . By studying their band structures and partial density of states (PDOS) plots, a systematic study of their electronic structures is done. It is found that CrSi & MnSi, FeSi and CoSi are metallic, semiconducting with an indirect gap ∼ 90 meV and semimetallic ground state. Also the effective mass of holes are found to be greater than that of electrons, which gives rise to the positive Seebeck cofficient and negative Hall coefficient as observerd experimentally. With PDOSs, an insight of occurring hybridisations are realized.
For different ionic states, we have calculated U eff , J and screening length λ values separately for all of these intermetallic compounds which are given in Table II . and IV. Although, we have shown two approaches for computing J and it is found that both J 's values are approximately same. Also, the trends exhibited by these parameters have been discussed.
II. COMPUTATIONAL DETAILS
The calculations for electronic structures of MSi (M = Cr, Mn, Fe and Co) have been performed here. These calculations can be divided into two segments. First segment involves DFT calculation and other segment as for the computation of U eff for each compound separately. All these calculations are performed by using full-potential linearized augmented plane-wave (FP-LAPW) method as accomplished by WIEN2k code [25] . LDA is taken as exchange correlation functional [24] . The experimentally observed structural parameters and atomic positions are taken from literature [26] [27] [28] and they are given in The spin-polarized calculation is performed within constrained DFT (cDFT) for the computation of U eff and J for M 3d atom in MSi. The method for computing its numerical value is proposed by Anisimov et.al [23] . In this method, within a constructed supercell, a hoping term (3d orbital of one atom is connected with rest of the obitals of remaining atoms) is set to zero. By altering the numbers of electrons in non-hybridising 3d shell, U eff for correlated 3d shell can be evaluated by the following formula
where ǫ 3d↑ and ǫ F are the spin up 3d eigenvalue and the Fermi energy. The implementation of the given procedure is done by Madsen et.al [29] , achieved through above mentioned code [25] . Then, the procedure for evaluating U eff for these 3d metal monosilicides is followed as given in Lal et al. paper [30] . cDFT has given quite an appreciable results for studying correlations exhibited by d electron systems [31, 32] . Similar procedure is followed for calculating J values by using the following formula [33]:
The evaluated U eff and J for all these compounds are given in tabular form in Table II. at different ionic states of individual 3d metal.
III. RESULTS AND DUSCUSSION
The results are discussed in three sections. In the first and the second part, a detailed investigation of the electronic structure exhibited by these intermetallic compounds are
given for the whole series in a comparative way by studying both the band structures and partial density of states (PDOS). Third part involves the trend shown by the calculated values of U eff , J and λ for these intermetallic compounds when discussed along the series with the role of screening in determinig the values of these parameters. Here it will be interseting to see the effect if we replace the Cr metal with Mn, Fe or Co metal. Owing to this, two effects will be observed: (i) the increase in effective nuclear charge, and (ii) filling of unoccupied bands.The first effect can be understood as when Cr metal is changed with any one of them as mentioned above, the number of electrons and protons will increase. As a result the effective nuclear charge increases i.e., each orbital of the atom will feel the pull more effectively and they will come close to the nucleus. But depending on the spatial spread of each orbital they will feel the pull differently. Although,
Energy(eV) due to the increase in the effective nuclear charge, a consequent decrease in their ionic radii is expected, which will further result in the decrease of the lattice parameter i.e., atoms will be much closer now as it can be seen from the Table I . where experimentally observed lattice parameters are tabulated. Now it is expected to have the probability of overlappings to be more as their interatomc distances are decreasing which simply indicates that the bandwidths of bands are expected to increase always. But at the same time a competitive nature of interactions will come into picture i.e., as the spatial spreading of the orbitals have already contracted but when the amount of contraction of orbitals is more than the half of the interatomic distances, then after overlapping the bandwidth is expected to decrease and when the amount of contraction is less than the half of the interatomic distances, the respective bandwidths are expected to increase. Thus, based on these situations, the respective bandwidths of the bands may increase and decrease accordingly. The second effect i.e., the presence of extra electrons, will just fill bands from the unoccupied region.
Due to which, the Fermi level will shift towards the higher side of energy scale.
Now, we will start with CrSi, where Cr metal will be replaced by Mn metal. And it will Co -4s
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Si -3p Consequently, there is a formation of a small indirect band gap of ∼ 90 meV. This outcome is fairly in aggreement with experimental and theoretical results where it is found to be ∼ 60 meV and ∼ 110 meV [7, 34] . Thus, it is indicating that FeSi is an indirect bandgap semiconductor. For this material, a very interesting behavior is observed i.e., on measuring
Hall coefficient for FeSi a negative value is found which is indicating the dominating charge carriers to be of n-type. However, on measuring the Seebeck coefficient for this material, a large positive value is coming, indicating the thermoelectric property is dominated by p-type charge carriers [7] . By studying the shown band structure of FeSi in Fig. 1(c) , one can understand these interesting outcomes. In intrinsic semiconductor, the number of electrons and holes are normally said to be equal. And FeSi being intrinsic semiconductor, it is expected to have zero Hall coefficient due to the equal number of positive and negative charge carriers. However, this equivalence of charge carriers is expected only at 0 K due to the fact that the chemical potential lies at the center of the band gap as evident from Eq.
3 [35] .
where, where ε v is the energy of the electron at the top of the valence band (VB), E g is the energy of band gap, m v and m c are the effective mass of the charge carrier in valence and conduction band (CB), respectively. Since measuremnets are carried out at finite temperatures, so it is important to see the behavior of µ at finite temparatures. According to the expression given in Eq. 3, µ has dependency in both temparature and effective mass of charge carriers. Thus, at finite temperature, there is an expectation for the chemical potential to shift. Now when we look at the band structure of FeSi in Fig. 1(c) , the top of the valence band is flat while bottom of the conduction band has curvature. This will lead to the large value of effective mass of holes (m h * ) than effective mass of electrons (m e * ) [36, 37] .
In consequence, chemical potential is expected to shift upwards towards the conduction band. This clearly shows the case of electron doping i.e., dominant charge carriers to be of n-type at finite temperature. This is exactly in accordance with the experimental Hall coeefecient result for FeSi [7] . Futhermore, Seebeck coefficient has dependence on both the effective mass of charge carriers as well as the electron number density according to the expression given in Eq. 4, which as follows [38] :
where, k B is the Boltzmann constant and e is the electronic charge, m * and n are the effective mass of charge carrier and carrier density, respectively. In FeSi, the number of elec-trons has increased due to which the value of n will be more than the value of p. Although the value of n is greater here, still the value of m h * will be much larger when compared to n.
As a result, primarily m h * will contribute to the large and positive value of α. Thus, indicating the thermoelectric property dominated by p-type charge carrier in FeSi as observed experimentally. Thus, in this way, band structure of FeSi is able to provide a qualitative explanation of the above mentioned two different aspects as shown by FeSi.
On replacing the Fe metal with Co metal, again there will be addition of 4 more electrons.
Accordingly, bands will be filled and as expected bands 2 and 3 should go inside the Fermi level and this can be predicted on looking at Fig. 1(c) . It is again evident from Meanwhile, in (III) energy window, almost all the contribution is coming from Cr 3d with contribution as ∼ 87.0%. However, in the (IV) energy window, the contribution from states Cr 3d, Si 3s and Si 3d are almost equal. Energy window (III), can be realised by looking at the band structure plot for CrSi in Fig. 1(a) . On comparing the Fig. 1 (a) and 2(a), it is found that the energy range in which zero DOS is seen, is the same region which lying in between the gap exhibited by the bands 3 and 4. Moreover, all the identified bands in Fig.   1 (a) are mostly contributed by Cr 3d orbital, as around the Fermi that has the maximum contribution as seen in Fig. 2(a) . and II, here again a substantial change is found in them from region to region. This can be understood as the atoms come closer, the occurence of hybridisations will be more. Because of which the sharing of electrons between the participating orbitals in hybridizations will change. Inconsequence of this, there will be redistribution of density of states between the orbitals. Thus, the probablity of finding electron on the main orbital to which other orbitals are hybridizing will decrease. For example, when we move along the series, only contribution from Si 3s state has decreased by ∼ 11.3% while contributions from rest of the states have increased for region I. This simply indicating that Si 3s orbital is the main one to which other orbitals are hybridizing. Due to which the probability of finding electron has decreased in Si 3s orbital, and accordingly its intensity has decreased. Similar, behaviour can be seen for region II while moving along the series. Although for this region, now contributions from Si 3s and d orbitals of transition metal has reduced by ∼ 23.6% and ∼18.7%, respectively.
So one can say that for this region, other orbitals are hybridizing with both Si 3s states From Fig. 2 , the number of electrons corresponding to M 4s, M 3d, M 4p, Si 3s, Si 3p and Si 3d states are evaluated, and they are tabulated in Table III .
On looking at Table II and 4p orbitals primarily for transition metals [23] . This says that 3d electrons of Cr metal will be screened by electrons lying in 4s and 4p orbitals. Due to the presence of ligand atom in CrSi, reflecting it to consider the screening from electrons lying in other states of ligand atom. At the same moment, it is known that the extention of 3s and 3p orbitals are very less, due to which electrons lying in these orbitals will be more confined to the Si atom. Consequently, electrons residing in these orbitals of Si are not expected to contribute much to the screening faced by 3d oribtals' electrons of Cr metal ion. Since, number of electrons residing in 4s and 4p orbitals are almost equal in number as observed from Table   III . With the fact that 4s orbital is more closer to the 3 d orbital, due to which 4s will more overlap with 3d orbitals. Hence, we can say that the electrons residing in 4s orbital will screen 3d elelctrons more than electrons residing in 4p orbital. Now, on observing the number of electrons in 4s and 4p states of transition metal across the series in Table III ., it is noted that these numbers of electrons are approximately constant. So, we expect that the screening provided by transition metal 4s and 4p states may not be changing and thus its effect is not significant while looking for transition metal 3d electrons' interactions across the series.
Furthermore, along the series, number of 3d electrons of metal ion are increasing. In consequence of this, the effective distance between the 3d electrons will decrease. This will make 3d electrons to interact more strongly and consequently the values of U eff and J are expected to increase across the series, and which is evident from 
For computing λ and J, we have used eDMFT code as implemented by Haule et al. [39] .
The evaluated values of λ and J are tabulated in Table IV . Although, two approaches have been used for calculating J, but their values are found to be approximately same as evident from Table II . and IV. Also the trends shown by both J s are similar. Likewise, λ too has shown decreasing trend while moving along the series with increasing ionicity of 3d -metal as evident from Table IV . Across the series, number of d electrons are increasing, thereby an increase in electronic interactions will be there, resulting in decrease in λ values across the series. Similarly, along the different ionic states of 3d -metal, there will be decrase in the number of valence electrons, resulting in less overlapping between 4s and 4p with 3d orbitals. In consequence, screening will decrease substancially, thereby a decreasing trend is seen for λ values.
IV. CONCLUSION
Here, we present a consistent account of electronic structures exhibited by 3d transition metal monosilicides viz. CrSi, MnSi, FeSi and CoSi by using DFT. Detailed investigation is done in a comparative way by studying band structure and PDOSs as obtained. By studying states of 3d -metal while λ value is decreasing in the same order.
V. DATA AVAILABILITY
The processed data required to reproduce these findings cannot be shared at this time as the data also forms part of an ongoing study.
